. Modulation of cortical activity during different imitative behaviors. J Neurophysiol 89: 460 -471, 2003; 10.1152/jn.00248.2002. Imitation is a basic form of motor learning during development. We have a preference to imitate the actions of others as if looking in a mirror (specular imitation: i.e., when the actor moves the left hand, the imitator moves the right hand) rather than with the anatomically congruent hand (anatomic imitation: i.e., actor and imitator both moving the right hand). We hypothesized that this preference reflects changes in activity in previously described frontoparietal cortical areas involved in directly matching observed and executed actions (mirror neuron areas). We used functional magnetic resonance imaging to study brain activity in normal volunteers imitating left and right hand movements with their right hand. Bilateral inferior frontal and right posterior parietal cortex were more active during specular imitation compared with anatomic imitation and control motor tasks. Furthermore this same pattern of activity was also observed in the rostral part of the supplementary motor area (SMAproper) of the right hemisphere. These findings suggest that the degree of involvement of frontoparietal mirror areas in imitation depends on the nature of the imitative behavior, ruling out a linguistic mediation of these areas in imitation. Moreover, activity in the SMA appears to be tightly coupled to frontoparietal mirror areas when subjects copy the actions of others.
I N T R O D U C T I O N
The study of imitation is of importance to an increasingly wide range of neuroscientific domains, from social communication (Frith and Frith 1999; Gallese and Goldman 1998) to motor control, network modeling, and robotics (Arbib et al. 2000; Billard 2001; Schaal 1999) . The neural basis of imitation, however, has been unclear until recently. The observation of rather surprising properties of neurons in the ventral premotor cortex (area F5) and posterior parietal cortex (area PF) of the macaque brain has provided insights in the neural mechanisms that may facilitate imitation. These cells, called mirror neurons, fire not only when a monkey performs a particular type of action but also when the monkey simply observes someone else performing the same action, e.g., manipulating an object (di Pellegrino et al. 1992; Fogassi et al. 1998; Gallese et al. 1996 Gallese et al. , 2001 Rizzolatti et al. 1996a ). As such, the mirror system allows a direct matching of the representation of observed and executed actions, thus providing a relatively simple neural precursor mechanism for the human ability to imitate.
We recently conducted a functional magnetic resonance imaging (fMRI) study that supports the direct matching hypothesis. Regions capable of performing direct matching should be active during execution of an action regardless of how that action is elicited. Furthermore, these regions should also be active when simply observing the action. Imitation is a special case of action execution in which the action is elicited by the observation of an identical movement. Therefore activity in a direct matching region should be greater during imitation than during execution of movements elicited by other cues. This pattern of activity was found in the left frontal operculum and the right posterior parietal cortex (Iacoboni et al. 1999) .
Additional evidence for the critical role of the frontal operculum and posterior parietal cortex in imitation and action observation has been provided by fMRI data (Buccino et al. 2001; Koski et al. 2002) , magnetoencephalography (MEG) data (Nishitani and Hari 2000) , positron emission tomography (PET) data (Decety et al. 1997 (Decety et al. , 2002 Grafton et al. 1996; Grezes et al. 1999; Krams et al. 1998; Parsons and Fox 1998; Rizzolatti et al. 1996b) , and a combined cytoarchitectonic and fMRI study (Binkofski et al. 2000) . Notably, these two cortical regions may be homologous to those that have been identified as containing mirror neurons in the monkey (di Pellegrino et al. 1992; Fogassi et al. 1998; Gallese et al. 1996) . The ventral premotor peak reported in our previous fMRI studies (Iacoboni et al. 1999; Koski et al. 2002) was located in the frontal operculum, in putative Brodmann area 44, strengthening the hypothesis that area F5 of the macaque brain and area 44 of Brodmann in the human brain share anatomical and functional homologies (Petrides and Pandya 1994; Preuss et al. 1996; Rizzolatti and Arbib 1998; Rizzolatti et al. 1996a; von Bonin and Bailey 1947) . The location of the reported activity in the posterior parietal cortex is quite variable across studies, but the peak reported in our first study (Iacoboni et al. 1999 ) was located at the intersection between postcentral sulcus and intraparietal sulcus; this intersection may conceivably fall within the region homologous to area PF in the monkey. Although discrepancies exist in the labeling of anatomic subdivisions within the posterior parietal cortex regions in monkey and human, recent functional neuroimaging studies suggest that functional subregions such as polymodal motion processing (Bremmer et al. 2001b ) and attentional set shifting (Rushworth et al. 2001 ) are organized similarly in monkeys and in humans. Therefore measures of neural activity in the frontal operculum and the posterior parietal cortex during action observation and imitation appear to strongly support the existence of a mirror system in humans.
Different varieties of imitation may occur in the real world, even for relatively simple movements. For example, when face to face with a teacher or demonstrator, a pupil may choose to imitate actions in one of two ways. He or she may execute the movement as if looking in a mirror, so that actions performed by the teacher's left hand are imitated with the right hand. We refer to this variety of imitation as specular imitation. Alternatively, the pupil may imitate the movement using the same hand as the teacher so that actions performed by the teacher using the left hand are also performed by the pupil using the left hand. We refer to this variety of imitation as anatomic imitation because it is performed with the anatomically congruent hand.
Studies in infants indicate that children as young as 9 months old are capable of imitating novel actions (Meltzoff 1988a,b) . This ability could rely on a very basic system for matching observed and executed movements, such as the mirror system described in the preceding text. The results of developmental studies indicate that specular imitation is a more natural behavior than anatomic imitation Berges and Lezine 1963; Gleissner et al. 2000; Kephart 1971; Schofield 1976 ). Indeed, specular responses predominate over nonspecular responses until 10 yr of age (Wapner and Cirillo 1968) . These differences in the behavioral performance of specular and anatomic imitation would predict differences in the level of activity in the brain regions underlying imitation. Thus we hypothesized that specular imitation would activate the direct observation-execution matching system more than anatomic imitation.
We tested this hypothesis by comparing patterns of cortical activity during specular imitation and anatomic imitation. Because blood oxygen level dependent fMRI profiles compatible with the mirror system have been reported in the frontal operculum and the posterior parietal cortex of the human brain, we predicted that activity in these regions would be modulated by the type of imitation performed. Specifically, we predicted that these regions would be activated more during specular imitation than during anatomic imitation.
M E T H O D S

Subjects
Eight right-handed subjects (4 female) were recruited through newspaper advertisements. Participants gave informed consent according to the requirements of the Institutional Review Board of UCLA. The average age of the subjects was 28.6 Ϯ 6.2 (SD) yr. The subjects were right-handed as indicated by a questionnaire adapted from the Edinburgh Handedness Inventory (Oldfield 1971) . All were screened to rule out medication use, a history of neurological or psychiatric disorders, head trauma, substance abuse, or other serious medical conditions. No neurological abnormalities were identified by neurological examination performed just before the scanning session.
Image acquisition and processing
Images were acquired using a GE 3.0T MRI scanner with an upgrade for echo-planar imaging (EPI) (Advanced NMR Systems). A two-dimensional spin-echo image (TR ϭ 4,000 ms; TE ϭ 40 ms, 256 by 256, 4-mm-thick, 1-mm spacing) was acquired in the sagittal plane to allow prescription of the slices to be obtained in the remaining sequences and to ensure the absence of structural abnormalities in the brain. For each subject, two functional EPI scans (gradient-echo, TR ϭ 4,000 ms, TE ϭ 70 ms, 64 ϫ 64, 26 slices, 4-mm-thick, 1-mm spacing) were acquired, each for a duration of 5 min and 40 s and covering the whole brain. Each scan consisted of eight task periods of 20 s alternating with nine rest periods of 20 s. A high-resolution structural T2-weighted echo-planar image (spin-echo, TR ϭ 4,000 ms, TE 54 ms, 128 ϫ 128, 26 slices, 4-mm-thick, 1-mm spacing) was acquired coplanar with the functional images.
The functional images were aligned with the T2-weighted structural image within each subject using a rigid-body linear registration algorithm (Woods et al. 1998a) . The images were then registered to a Talairach-compatible (Talairach and Tournoux 1988) MR atlas ) with fifth-order polynomial nonlinear warping (Woods et al. 1998b ). Data were smoothed using an in-plane, Gaussian filter for a final image resolution of 8.7 ϫ 8.7 ϫ 8.6 mm.
Behavioral conditions
Stimuli consisted of images of hands representing a simple movement, namely, lifting of the index or middle finger from a resting position on a table surface (Brass et al. 2000; Iacoboni et al. 1999) . The hands were oriented with fingers toward the subject and were presented against a blue background. Eight trials (4 index finger actions, 4 middle finger actions) were presented in each task period. Each trial lasted 2,000 ms with an intertrial interval of 500 ms during which a blue screen was presented.
The full study design included two stimulus factors and one instruction factor. The first stimulus factor was stimulus type: moving versus static hand. One half of the stimuli depicted actual movement. The other half of the stimuli represented a particular movement symbolically by means of a black cross superimposed on the middle or index finger of a static hand. The black cross was present on the hand for the same duration as the action depicted in the moving condition (control condition). This variable, stimulus type, was crossed with a second variable, stimulus laterality, in which the presented hand could be a left hand or a right hand. Thus four different categories of stimuli were presented: a moving left hand, a moving right hand, a static left hand with a symbolic cue, and a static right hand with a symbolic cue. The four stimulus categories were then crossed with the instruction factor: execute versus observe. In the execution condition, subjects used their right hand to perform the movement cued by the stimulus: either the finger movement (imitation) or the black cross (control motor condition). In the observation condition, subjects simply observed the stimuli passively. Thus subjects participated in a total of eight different tasks. These tasks are illustrated in Fig. 1 . Note that the execution of a movement cued by a moving left hand corresponds to what we have defined as specular imitation, whereas the execution of a movement cued by a moving right hand corresponds to what we have defined as anatomic imitation. The control motor condition for each of these tasks is represented by the execution of a movement in response to the respective static hand on which the correct movement finger was cued symbolically.
As stated in the previous section, two functional scanning runs were acquired from each subject with each run consisting of eight task periods intermixed with rest periods, so that all eight task types were presented once in each scan. The instruction factor (execute vs. observe) was blocked within a scanning run, such that subjects saw all four stimulus categories in a sequence of four alternating task and rest periods before switching tasks within the same scanning run. The order of the stimulus categories and the order of the instruction factor were counterbalanced across runs and across subjects.
Statistical analyses
All statistical analyses were performed after spatial normalization and smoothing, on the group data. Statistical contrasts were based on an ANOVA model , which factors out the runto-run variability within subjects as well as the between-subject variability in signal intensity (Iacoboni et al. -1999 Woods et al. 1996) . The dependent variable was the sum of the signal intensity at each voxel throughout each task period (Iacoboni et al. 1999 (Iacoboni et al. , 2001 Koski et al. 2002) . In the following subsections, we detail the nature of each contrast tested.
Identification of motor areas
The first contrast was conducted to identify regions activated by execution of the finger movements, relative to the passive observation of hands and finger movements. A four-way ANOVA model included the following factors: subject (n ϭ 8), functional scan (n ϭ 2), instruction (n ϭ 2: execute, observe), stimulus (n ϭ 4: moving left hand, static left hand with cue, moving right hand, static right hand with cue). A simple contrast on the instruction variable was carried out: execute versus observe.
IMITATION OF A LEFT HAND. A contrast of imitation of a moving left hand minus movement in response to a symbolic cue on the static left hand was carried out to reveal any brain regions that showed activity suggestive of mirror properties during specular imitation. By the terms "mirror properties" or "mirror activity," we refer to a pattern of activity in which there is an increase in fMRI signal during action imitation compared with performance of the control motor task. In other words, the results would reveal regions the activity of which not only increases during performance of an action but shows still further increase in signal during imitation of the same action due to the visual encoding of that action by mirror areas. This contrast is essentially a replication of that reported in one of our previous studies of imitation using fMRI (Iacoboni et al. 1999) .
This contrast and all remaining contrasts were based on the data from the execution instruction tasks only. The three-way ANOVA model used for these analyses included the following factors: subject (n ϭ 8), functional scan (n ϭ 2), and stimulus category (n ϭ 4: specular imitation, anatomic imitation, execution to cue on static left hand, execution to cue on static right hand). Note that whereas the statistical contrast compared only two of the four stimulus categories, all four stimulus categories were entered in the ANOVA model. This approach yields identical error terms for all imitation contrasts reported in this paper so that the results of the different contrasts may be compared more equitably.
IMITATION OF A RIGHT HAND. A contrast of imitation of a moving right hand minus movement in response to a symbolic cue on the static right hand was carried out to reveal any brain regions that showed activity suggestive of mirror properties during anatomic imitation, as defined in the preceding section.
MIRROR ACTIVITY SPECIFIC TO ONE IMITATION TYPE. The specular imitation hypothesis was tested using a weighted contrast of specular imitation (weight: ϩ3) with anatomic imitation (weight: Ϫ1) and execution to a symbolic cue on the left hand (weight: Ϫ1) or right hand (weight: Ϫ1). This contrast was designed to reveal regions that showed a particular type of interaction, namely one in which significantly greater signal was obtained in the specular imitation condition compared with the average of the other three execution conditions. It differs from the simple subtractions performed in the preceding text in that it reveals regions that show increased activity uniquely in the specular imitation condition. The opposite contrast was used to test for regions that show increased activity uniquely in the anatomic imitation condition (anatomic imitation weight: ϩ3; specular imitation weight: Ϫ1; execution to a symbolic cue on the left hand weight: Ϫ1; or right hand: weight: Ϫ1).
Statistical thresholds
The present study was intended to examine further the pattern of activity within regions of interest identified in our first study of imitation using fMRI: inferior frontal cortex, rostral posterior parietal cortex, and parietal operculum (Iacoboni et al. 1999) . We allowed for bilateral regions of interest because bilateral activity could be observed in frontoparietal regions in our previous study when the statistical threshold was lowered. Our previous study (Iacoboni et al. 1999) , as well as numerous other imaging studies, showed the importance of the frontal operculum and the posterior parietal cortex in the recognition and imitation of actions (Binkofski et al. 2000; Buccino et al. 2001; Decety et al. 1997 Decety et al. , 2002 Gallese et al. 1996; Grafton et al. 1996; Grezes et al. 1999; Koski et al. 2002; Krams et al. 1998; Nishitani and Hari 2000; Rizzolatti et al. 1996b ). On the basis of this strong a priori hypothesis about the brain regions involved, we adopted here a statistical cutoff criterion of t ϭ 3.53 at each voxel (df ϭ 21; P ϭ 0.001, uncorrected for multiple spatial comparisons) for determining the statistical significance of peaks within our regions of interest. For peaks located outside these regions of interest, we used a more conservative joint intensity and spatial threshold of P ϭ 0.001 and 10 voxels (Forman et al. 1995) .
R E S U L T S
Motor areas involved in execution of finger movements: execution minus observation-only
The regions activated by execution of the finger movements are shown in Fig. 2 . Strong signal increases were observed throughout the hand region of the primary sensorimotor cortex, the premotor cortex, and the motor areas of the medial wall. The activity was strongly lateralized to the left hemisphere as would be expected given that subjects performed the task with their right hand. Consistent with this pattern, strongly lateralized activity was also observed in the right cerebellum. The posterior parietal cortex also showed signal increases during execution of the finger movements, again greater in the left than in the right hemisphere.
Imitation of a left hand: specular imitation minus control motor task
REGIONS OF INTEREST. The areas of increased signal within our regions of interest are shown in Table 1 . Significantly   FIG. 1 . Examples illustrating the endpoint of trials from the 8 conditions presented during each functional scanning run. Each block of trials corresponded to a single condition and movements of the index or middle finger were represented in a randomized trial order within each block. Subjects used their right hand to perform the action indicated by the stimulus hand during execute blocks and simply observed during observe blocks. The heavy black outline indicates those conditions that correspond to imitation.
greater activity was observed during imitation compared with the corresponding control motor task in the intraparietal sulcus of the right posterior parietal cortex (t ϭ 3.65). Significant increases in signal were also observed in the right parietal operculum.
In the frontal operculum, anterior to the precentral sulcus and ventral to the inferior frontal sulcus, we observed peaks in both the left (t ϭ 2.88) and right hemisphere (t ϭ 3.18). The coordinates of the peak in the left hemisphere were less than 1 cm from those identified in our previous study. The locations in FIG. 2. Activation maps showing areas with signal intensity increases during execution tasks minus observation tasks. Slices from selected z planes within the t maps (z ϭ 68 to Ϫ22) are displayed superimposed on the T1-weighted Talairach-compatible magnetic resonance (MR) atlas . The left and right sides of each image represent the left and right hemispheres, respectively. The color tab in the top left corner indicates the intensity of the signal changes, where t ϭ 3.5 corresponds to a P value of 0.001 uncorrected across multiple spatial comparisons. both hemispheres fell within the boundaries of the pars opercularis (25-50% probability) as defined by the probability map of Tomaiuolo and colleagues (1999) . This t-value exceeds the level corresponding to a P value of 0.05 corrected across multiple spatial comparisons when taking the pars opercularis alone as a region of interest (average volume: 3.68 ml/hemisphere ϫ both hemispheres; critical t-value ϭ 2.57 for corresponding number of resolution elements in the present study) (Tomaiuolo et al. 1999 ).
PEAKS OUTSIDE THE REGIONS OF INTEREST. Areas of increased activity outside our regions of interest are shown in Table 2 . We observed peaks within the posterior portion of the right superior parietal lobule, close to the superior occipital gyrus. Increased activity was also seen in the left parietal cortex in the medial wall of the postcentral gyrus (Brodmann area 5), in the superior parietal lobule (Brodmann area 7), and the precuneus. In medial frontal regions, the paracentral lobule was activated bilaterally as was the caudal part of the supplementary motor area (SMA) and an anterior region of the medial frontal gyrus near the pole in the right hemisphere. Within the dorsal premotor cortex, peaks were observed in the precentral gyrus bilaterally and in the posterior part of the middle frontal gyrus in the right hemisphere. More anteriorly, peaks were observed in the dorsal prefrontal cortex bilaterally as well as in the frontal pole of the right hemisphere. Finally, increased signal was also observed in the dorsal end of the ascending limb of the right inferior temporal sulcus [Brodmann area (BA) 39], in the left lingual gyrus, and in bilateral cuneus and middle occipital gyrus.
Imitation of a right hand: anatomic imitation-control motor task
The results of this contrast are presented in Table 3 . One peak was observed in the posterior region of the right parietal operculum. Increased signal was also found in the paracentral lobule of the left parietal cortex and in the ventral bank of the right superior temporal sulcus. Mirror activity specific to specular imitation: interaction contrast Figure 3 illustrates the brain regions showing increased activity in this contrast.
REGIONS OF INTEREST. Greater activity during imitation than during the control motor task was observed in a pattern that was unique to specular imitation in the right intraparietal sulcus, right parietal operculum, and left frontal operculum (Table 1) . For the right intraparietal sulcus, two locations showed increased signal, one located more anteroventrally, and one more dorsally, within the dorsomedial bank of the intraparietal sulcus. Significant increases in signal were also observed in the right parietal operculum.
Bilateral increases in activity were seen in the frontal operculum in the left (t ϭ 3.21) and right (t ϭ 3.13) pars opercularis. The coordinates of both peaks fall within the boundaries of the pars opercularis (left: 50 -75% probability; right: 25-50% probability) (Tomaiuolo et al. 1999) . As shown in Fig. 4 , the location of the increased activity observed in the left pars opercularis overlaps with that observed in our previous study of imitation (Iacoboni et al. 1999) PEAKS OUTSIDE THE REGIONS OF INTEREST. The results of this contrast were largely consistent with those obtained in the simple comparison of specular imitation minus the control motor task (Table 2) . Significantly greater activity during specular imitation relative to the other execution conditions was observed in the right superior parietal lobule close to the superior occipital gyrus and in the posterior cingulate region (Brodmann area 31). In the left parietal cortex, the medial wall of the postcentral gyrus and the precuneus both showed increased signal. In the right medial frontal regions, increased activity was seen in the paracentral lobule, the rostral part of the supplementary motor area, and anteriorly near the frontal pole. The coordinates of the peak of activity in the SMA were located in the rostral part of the SMA proper (Fig. 5) , just anterior to the border between the rostral and caudal SMA (Rizzolatti et al. 1996c; Vorobiev et al. 1998 ). The anterior part of the dorsal premotor cortex was activated in the right hemisphere. Peaks were also observed in the dorsal prefrontal cortex bilaterally and in the frontal pole of the right hemisphere. Outside the frontal and parietal cortex we observed increased activity in the right hemisphere in the middle temporal gyrus (BA 39) and middle occipital gyrus of the right FIG. 3. Activation maps showing areas with increased signal intensity specific to the specular imitation condition when contrasted with the other three execution instruction tasks (left) and specific to the anatomic imitation condition when contrasted with the other 3 execution instruction tasks (right). Slices from selected z planes (z ϭ 68 to Ϫ22) are displayed superimposed on the T1-weighted Talairach-compatible MR atlas . The left and right sides of each image represent the left and right hemispheres, respectively. The color tab in the top middle of the figure indicates the intensity of the signal changes, where t ϭ 3.5 corresponds to a P value of 0.001 uncorrected.
hemisphere, in the lingual gyrus of the left hemisphere and in the cuneus bilaterally.
Mirror activity specific to anatomic imitation: interaction contrast
We also analyzed the data to determine whether there were brain regions that showed a pattern of activity opposite to the hypothesized pattern, i.e., greater activity for anatomic imitation than specular imitation and the two control motor tasks. This pattern was not found within our regions of interest even when lowering the threshold for statistical significance further to P ϭ 0.01 (t ϭ 2.5). The results of the contrast are illustrated in Fig. 3 (right). One significant peak was observed in the middle occipital gyrus (BA 18) of the left hemisphere (x ϭ Ϫ16, y ϭ Ϫ98, z ϭ16; t ϭ 5.27; number voxels above threshold ϭ 49).
D I S C U S S I O N
We report here the results of a follow-up study of the neural substrates of imitation. In a previous study, we demonstrated that the frontal opercular and posterior parietal regions in the human brain showed patterns of activity compatible with the FIG. 4. Slices in the sagittal (x ϭ Ϫ50), coronal (y ϭ 10), and transverse (z ϭ 12) planes illustrating the overlap (pink) in the pars opercularis of the left hemisphere between the region activated in our earlier study of imitation (Iacoboni et al. 1999) and in the present study. The region identified in the present study was created by labeling voxels in the left pars opercularis region that had a value of t ϭ 2.5 or greater in the contrast map of specular imitation vs. the other three execution conditions (red). These labeled voxels are shown superimposed on the pars opercularis region activated in the earlier study (white), which is itself overlaid on the T1-weighted brain atlas for anatomic localization. FIG. 5 . Top: areas of increased signal intensity in the supplementary motor area (see black arrows) from the weighted contrast of specular imitation vs. the other 3 execution instruction conditions. The location of these regions is presented in transverse, sagittal, and coronal views selected to display the voxel of highest signal intensity and superimposed on a T1-weighted Talairachcompatible MR atlas . The color tab on the top left of the figure indicates the intensity of the signal changes, where t ϭ 3.5 corresponds to a P value of 0.001 uncorrected. It is clear that although the peak of greatest significance was located in the right hemisphere, the activity is actually bilateral and extends well into the left hemisphere as well. Bottom: graph illustrates the time series of activity across the task and rest blocks for the execution instruction conditions. The time series was constructed by first creating a region of interest for the peak that included all contiguous voxels activated at or above t ϭ 3.53 and then calculating the average signal within this region. Activity is expressed as the percent change in MR signal relative to the average resting baseline signal calculated for each subject (y axis). The time series line is calculated from the average signal at each point in time, across 4 task periods and 5 rest periods, averaged across the 2 functional scans and across all subjects. The gray textured boxes represent the task periods. The order of conditions as presented in the figure is represented in the small photographs below the x axis: specular imitation, left control motor task, anatomic imitation, and right control motor task. These conditions were presented in counterbalanced order across functional scans and subjects in the experiment but are shown here in a fixed order for display purposes only.
existence of a mirror system capable of representing or matching both observed and executed actions. This mechanism may underlie the development of the human ability to imitate. In the present study, we show that activity in the frontal opercular and posterior parietal regions varies as a function of the type of imitation being performed. Differences in the behavioral characteristics of specular and anatomic imitation appear to be associated with differences in the patterns of activity within underlying neural systems. The results support our hypothesis that the mirror system is engaged to a greater degree when imitating the actions of others in the specular configuration, rather than in an anatomic configuration. This suggests that the relative facility with which humans imitate in the specular configuration may be a function of greater dependence on a simple mechanism for matching observed and executed actions.
It is important to consider whether the results obtained here could be explained on the basis of stimulus-response compatibility rather than imitation because the anatomic imitation condition requires subjects to perform an action in a spatial location that is not congruent with that of the observed action. This argument maybe rejected for two reasons. First, the behavioral literature on visually cued actions performed by adult subjects indicates that reaction times for imitating a finger movement are almost 100 ms faster than reaction times for performing the same movement in response to a symbolic cue regardless of the spatial stimulus-response relation (Brass et al. 2000 (Brass et al. , 2001 ). This suggests a privileged mechanism for imitation over a more laborious spatial stimulus-response mapping strategy. Moreover, imitation and spatial stimulus-response compatibility show dissociable effects on reaction times (Brass 2001, experiment 3) . Second, if the differences in activity observed across imitation types in the present study were attributable to differences in spatial compatibility, we would expect anatomic imitation to be associated with greater activity than specular imitation in regions known to be activated during incompatible stimulus-response conditions, such as the dorsal premotor and posterior parietal cortex (Iacoboni et al. -1998 . A simple contrast of anatomic minus specular imitation did not yield such a pattern of activity.
Both the left and right frontal opercular peaks reported here are consistent with those described in a recent study of action observation (Buccino et al. 2001) . The area of greatest increase in the left frontal operculum overlapped spatially (Fig. 4) with the area reported in our earlier study of imitation (Iacoboni et al. 1999) . Finally, the location of the peaks is the same (within the spatial resolution of our scanning methods) as that reported in a recent study in which we demonstrated the importance of the frontal operculum for representing the goal of an action (Koski et al. 2002) . These peaks are located anterior to the precentral sulcus and therefore can be said to fall within the boundaries of Brodmann area 44.
The interpretation of the activity seen in the frontal operculum during tasks such as action observation, imagery, execution, and imitation is currently a topic of much debate. Considerable evidence supports the view that Brodmann area 44 constitutes the human homologue of area F5 in the monkey (Petrides and Pandya 1994; Preuss et al. 1996; Rizzolatti et al. 1996b Rizzolatti et al. , 1998 von Bonin and Bailey 1947) . What explanation can account for a relationship between a mirror system and an area of the brain typically known for its role in linguistic processing? According to the evolutionary precursor view, the human capacity for language evolved from the existence of a mirror system in nonhuman primates. This mirror system provided the capacity to recognize actions, which led to a capacity to imitate actions, which in turn developed into a capacity for manual-based communication, and, finally, speech (Arbib 2002; Rizzolatti and Arbib 1998) . In contrast, the silent speech view hypothesizes that the observation of meaningful actions and the performance of motor imagery tasks automatically engage subvocal speech processing of the stimuli (Grezes et al. 1998) . Grezes and Decety (2001) recently reviewed the neuroimaging studies of action observation, motor imagery, and action execution as well as action naming. In support of the silent speech hypothesis, they concluded that of these four task types only action naming consistently activated Broca's area (Brodmann area 44/45), whereas the remainder tended to involve more posterior portions of the inferior frontal cortex located on the precentral gyrus corresponding to Brodmann area 6.
The data presented here, however, are not consistent with the silent speech hypothesis. In our study, imitation of left hand actions yields greater activation in pars opercularis than imitation of right hand actions. We do not see any cause to suggest that left hand actions would invoke silent speech more than right hand actions. Thus the results of the present study are difficult to reconcile with the view that activation in Broca's area during imitation is due to silent speech.
Both types of imitation were associated with activity in the parietal operculum when compared with their control motor tasks. This was also described in our previous report of fMRI activity during imitation in which it was suggested (Iacoboni et al. 1999 ) that the activity in the parietal operculum might reflect input from reafferent signals associated with action performance. Such input could underlie the preservation of a sense of self or body identity during action imitation (Georgieff and Jeannerod 1998). Because action observation increases activity in motor related areas, the brain must have some way of representing the ownership of actions during imitation to discriminate between merely observing an action and performing it oneself.
Sirigu and colleagues (1999) made a similar suggestion in their report on apraxic patients with parietal lesions. The patients performed hand movements while receiving visual feedback by video and were unable to judge whether the movement shown on the video was from their own hand or that of the examiner. Their impairment suggested an inability to incorporate internal feedback about movement into a model of the ongoing action. The patients studied had lesions of vascular origin that likely included the opercular region of the parietal lobe. Thus the converging evidence from these two very different research methods appear to strongly support the importance of the parietal operculum in integrating feedback from motor and kinesthetic regions to form a continuously evolving representation of movement. This representation may function not only to indicate ownership of an observed action but may have a more general role in motor imagery and planning as suggested by the impairments in motor imagery tasks seen in after parietal lesions (Sirigu et al. 1996) or in disengaging motor attention during disruption of the supramarginal gyrus by transcranial magnetic stimulation (Rushworth et al. 2001a) .
Moderating this interpretation, however, we note some dif-ferences between our fMRI results and the other studies cited here. First, the other studies have tended to implicate the left hemisphere (Rushworth et al. 2001a; Sirigu et al. 1999) , whereas the activity we observed in the parietal operculum was lateralized to the right hemisphere despite the use of the ipsilateral hand to respond. The lateralized pattern we observed could not be related to simple sensorimotor aspects of the movement, which are typically contralateral to the motor effector, but it does fit with the observation that body schema disorders occur primarily after lesions to the parietal cortex of the right, rather than left, hemisphere (Berlucchi and Aglioti 1997) . Second, the other studies cited here do not point specifically to the opercular region of the parietal cortex, but involve the supramarginal gyrus or more widespread lesions involving the temporoparietal region. Clearly, understanding the specificity and lateralization of function within the parietal operculum will require more direct investigation. A number of areas outside the regions of interest also showed greater signal for specular imitation (see RESULTS and Tables 2 and 3 ). These regions encompass visual, motor, and integrative areas, suggesting that during specular imitation, the greater activity in mirror areas spreads upstream and downstream in the cortical network activated by imitative behavior. Among these regions, we want to emphasize the role of the SMA, an area known to play an important role in action representation.
The motor regions of the medial wall may be subdivided into the SMA (or SMA-proper) and the pre-SMA on the basis of their cytoarchitecture, their pattern of cortical and subcortical connectivity, and their functional properties observed in neuroimaging studies (see Grezes and Decety 2001; Strick 1996, 2001 for reviews). The SMA can be subdivided still further into rostral and caudal regions based on anatomic (Rizzolatti et al. 1996c; Vorobiev et al. 1998 ) and functional (Grafton et al. 1996; Stephan et al. 1995) considerations. The boundary between the caudal and rostral subdivisions of the SMA may be considered to fall at the midpoint of a line drawn between the anterior and posterior commissures (Vorobiev et al. 1998) . This midpoint corresponds to y ϭ Ϫ12 in the coordinate system of Talairach and Tournoux (1988) . The peak of greatest signal increase in the current study was located at y ϭ Ϫ10 in Talairach coordinates, very close to the boundary between the rostral and caudal SMA. The activity extended slightly asymmetrically in a rostral and ventral direction from this peak, suggesting that it falls within the rostral SMA.
The right SMA was more active during specular imitation than during anatomic imitation and the two control motor conditions despite identical motor output requirements. This location was also activated at a subthreshold level when comparing imitation with control motor tasks in our previous study of imitation but was not reported because it did not reach the rather conservative threshold chosen for that very first study on imitation (Iacoboni et al. 1999) . Another interesting feature is the presence of task-related activity during the observationonly conditions (see Fig. 6 ). This finding is consistent with the results of neuroimaging studies that demonstrated an association between activity in SMA and action execution, motor imagery, and observation of actions (see Grezes and Decety 2001, for a review). Previous studies suggest that the rostral SMA in particular may be active when a mental representation of a movement is engaged, in the absence of actual movement execution (Grafton et al. 1996; Stephan et al. 1995) .
The present results showed similar imitation-related modulation of activity in the SMA and in other regions important for action representation. As illustrated in Fig. 6 , we observed a complex dissociation between the pattern of activity obtained during imitation and that obtained during observation of hands and hand actions in the SMA, ipsilateral posterior parietal, and superior temporal sulcus (STS) regions. Imitation of a left hand (specular imitation) was associated with the greatest signal increase during the execution tasks. During observation-only, however, activity increased to a comparable degree for both moving and static right hands and to a lesser extent for moving and static left hands. Thus the processes involved in imitation appear to modify the pattern of activity in brain regions important for representing action.
We have recently proposed a model in which different kinds of action description are represented in the STS region and the mirror system (Iacoboni et al. 2001) for the purpose of monitoring performance during imitation. The STS, known to be FIG. 6. Graph illustrates the time series of activity in the posterior parietal cortex (thin line), supplementary motor area (thick line) and superior temporal sulcus regions (dotted line) across the task and rest blocks for all conditions. The time series for each of the 3 regions was constructed as in Fig. 5 . Activity is expressed as the percent change in MR signal relative to the average resting baseline signal calculated for each subject (y axis). The time series line is calculated from the average signal at each point in time, across 8 task periods and 9 rest periods, averaged across the 2 functional scans and across all subjects. Other display details are as in Fig. 5. important for the perception of biological motion (Allison et al. 2000; Frith and Frith 1999; Grafton et al. 1996; Puce et al. 1998) , provides a high-order visual description of an observed action and matches this description with the predicted sensory consequences of imitating that same action. These consequences are represented in the form of efferent copies of motor plans and are provided by motor-related mirror regions in the posterior parietal and/or frontal opercular regions. We hypothesize that SMA function may be included in this model, influencing and being influenced by the processing of these other regions within the network for representing actions. Consistent with this proposal are the well-documented anatomic connections between the posterior parietal cortex (areas PC, PE, and PEA) in the monkey brain and the SMA (area F3: Luppino et al. 1993 ) and STS regions (Seltzer and Pandya 1994) .
Outlining the interaction of these regions within the context of the present data is a complex task. We can begin by hypothesizing that in addition to the tendency to imitate in the specular configuration, there may also be an opposing tendency to map observed actions onto a dominant, i.e., right, hand. Thus we speculate that the observation of right hands was associated with greater activity in STS that was carried forward to posterior parietal cortex, then to inferior frontal cortex, and finally to SMA. From the differences in the degree of task-related activity during observation, it appears that the SMA is less responsive than the posterior parietal cortex and the STS to the visual properties of the stimuli when no response is required. This would be consistent with its predominant role in motor control, although clearly this control is influenced by visual input. When an observed action has to be copied, however, subjects would tend to map the observed left hand onto their own right hand due to their preference for specular imitation. In this case, greater activity for left hand actions would originate in the frontal operculum and the posterior parietal cortex and spread downstream to SMA and upstream to the STS. This description of how actions might be represented within a model that includes the SMA, STS and mirror areas constitutes a set of testable hypotheses that may drive future work in imitation.
Could the increased activity during specular imitation observed in this study reflect the operation of an attentional mechanism? This possibility is suggested by the presence of increased signal in early visual processing regions such as the extrastriate, occipitotemporal and occipitoparietal cortex. The results are not consistent, however, with the effects that would be predicted from a general attentional mechanism. Because anatomic imitation is the less natural task if one considers the developmental literature Gleissner et al. 2000; Kephart 1971; Schofield 1976) , it should require greater attentional resources, yet the opposite pattern was obtained.
The observed pattern of activity could, however, be predicted by a version of the premotor theory of attention, in which processing of visual stimuli may be facilitated by feedback from the activation of motor programs for carrying out an action (Craighero et al. 1999) . The concept of motor to sensory modulation of activity was first elaborated in the notion that when a command is made to move the eyes, a corollary signal is sent back to visual areas in preparation for the anticipated change of visual scene (Sperry 1950) . The results of recent neuroimaging studies are consistent with this principle, demonstrating modulation of early visual and auditory processing areas as a function of the frequency of saccadic eye movements and spoken syllables, respectively (Paus et al. 1995 (Paus et al. , 1996a . Interpreted in the context of the present study, posterior parietal regions could contribute to the preparation of the motor program during specular imitation, subsequently feeding back to enhance (rather than decrease as in primary sensory regions) activity in higher order visual processing areas. Both the network model described above for action imitation and the type of attentional enhancement mechanism proposed here are consistent with the overall principle of an ongoing pattern of forward and inverse signals between neural networks during performance of an action.
To conclude, the results of this study demonstrate differential activity in frontoparietal regions during different forms of imitative behavior. In particular, they suggest the importance of the mirror system for imitating in the specular configuration. Taken in the context of developmental studies of imitation, the results may be interpreted as evidence that the mirror system provides a basic mechanism that allows for some types of simple imitation. The development of more complex imitative skills may emerge as a function of the maturation of other systems important for visuospatial transformation. A recent review of imitation studies suggested a need for further research directed at determining what cognitive and neural capacities may work in conjunction with the mirror system to support imitation (Williams et al. 2001 ). The present study begins to answer this question, suggesting how frontoparietal mirror areas may operate within larger neural networks during particular types of imitation.
